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Abstract 

We continue a previous study of the MSSM Higgs Lagrangian extended by all effective 
operators of dimension d = 6 that can be present beyond the MSSM, consistent with its 
symmetries. By supersymmetry, such operators also extend the neutralino and chargino 
sectors, and the corresponding component fields Lagrangian is computed onshell. The 
corrections to the neutralino and chargino masses, due to these operators, are computed 
analytically in function of the MSSM corresponding values. For individual operators, the 
corrections are small, of few GeV for the constrained MSSM (CMSSM) viable parameter 
space. We investigate the correction to the lightest Higgs mass, which receives, from 
individual operators, a supersymmetric correction of up to 4 (6) GeV above the 2-loop 
leading-log CMSSM value, from those CMSSM phase space points with: EW fine tuning 
A < 200, consistent with WMAP relic density (3cr), and for a scale of the operators 
of M — 10 (8) TeV, respectively. Applied to the CMSSM point of minimal fine tuning 
(A = 18), such increase gives an upper limit ruh = 120(122) ± 2 GeV, respectively. 
The increase of m/i from individual operators can be larger 10 — 30 GeV) for those 
CMSSM phase space points with A > 200; these can now be phenomenologically viable, 
with reduced A, and this includes those points that would have otherwise violated the 
LEP2 bound by this value. The neutralino/chargino Lagrangian extended by the effective 
operators can be used in studies of dark matter relic density within extensions of the 
MSSM, by implementing it in public codes like micrOMEGAs. 
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1 Introduction 

The physics of the Higgs sector plays a central role in the Standard Model (SM) and its 
minimal supersymmetric version (MSSM). Its discovery would clarify the (electroweak (EW)) 
gauge symmetry breaking mechanism. In the supersymmetric case it could also provide an 
insight into the dark matter problem, due to its link with the MSSM neutralino sector (hig- 
gsinos/gauginos), whose LSP is a dark matter candidate. Higgs physics can then be related to 
both small and large scale physics for which EW and dark matter constraints can be relevant. 

The Higgs sector of the MSSM is the minimal that can be constructed in a supersymmetric 
context. Its EW vev triggered by radiative EW symmetry breaking is strongly related by 
quantum corrections to the scale of supersymmetry breaking and the mass of superpartners. 
No discovery of light superpartners will indicate a fine tuning [U [2] of the EW scale in 
the MSSM to levels phenomenologically unacceptable and will question supersymmetry as 
a solution to the hierarchy problem. In constrained MSSM (CMSSM) at 2-loop leading-log 
(LL), a Higgs of mass of 120 GeV would mean an EW fine tuning A = 100 (i.e. 1 part in 100) 
[3]. Due to quantum corrections (largely QCD ones), A grows exponentially, so for nifi = 126 
GeV, the fine tuning worsens and becomes A = 1000. Interestingly enough, a minimization 
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of A at 2-loop, with all theoretical and experimental constraints, except the LEP2 bound 
[3] on mfi and the WMAP result [5|, predicts a value for mh just above the LEP2 bound, 
rrih = 114 lb 2 GeV with an acceptable fine tuning, A = 9 j3]. This is only mildly changed 
when one imposes a saturation of dark matter relic density within 3a, to nih = 115.9 it 2 
GeV, for a fine tuning A = 18, still an acceptable value. The question remains though if 
such results for rrih are stable under corrections from new physics that may be missed by the 
otherwise minimal construction of the MSSM higgs sector. It is also interesting to investigate 
what happens if mh is not found experimentally near the value predicted by minimal A shown 
above. Can one still have a low fine tuning for m/j above these values? In other words, a large 
amount of fine tuning that we mentioned for mh > 120 GeV may be taken to indicate that 
the Higgs sector Lagrangian is not complete, and that new physics beyond this sector can 
exist, so that its effects could reduce A to acceptable values even for nih > 120 GeV (for an 
example see [B]). If possible, such new physics can be described, in a model independent way, 
by higher dimensional operators. These operators respect all the symmetries of the MSSM. 
For practical purposes one can consider operators of dimensions d = 5 and d = 6, and this 
paper is a continuation of the work in this direction, started in |7j. For studies of effective 
operators of d = 6 in the MSSM Higgs sector see ^ i7j and [9] -[23] for studies of effective 
operators in a related context. 

There is only one gauge invariant effective supersymmetric operator of d = 5 beyond the 
MSSM Higgs sector that can depend on Higgs and gauge fields only, but the number of similar 
d = 6 operators, is much larger and their analysis is difficult. Ignoring the d = 5 operator, 
the d = 6 operators could indicate that the MSSM Higgs, and, by supersymmetry, neutralino 
sector, are stable under "new physics" corrections, since these are strongly suppressed, by 
^ 1/M^ (M is the scale of new physics). One would like to clarify if this is true. However, 
the extra scale suppression of d = 6 operators (relative to d = 5 ones) can be compensated 
by a large tan f3, and then the d = 5 and d = 6 operators can have comparable effects. There 
are stronger motivations to consider d = 6 operators. New physics beyond MSSM Higgs and 
neutralino sectors can arise, in the leading order, as a d = 6 operator, without any d = 5 one. 
For example, integrating a massive U(l)' gauge boson generates a d=6 operator in the leading 
order, but no d = 5 one. The convergence of the expansion in 1/M is another motivation for 
studying both d = 5 and d=6 operators, if they are generated by the same physics. 

For the effective operators expansion to work the scale of new physics should be high 
enough, to avoid current experimental constraints. Usually EW constraints {p parameter) 
indicate a value M~8 TeV or larger [2]. The expansion parameter m/M, for d = 5 case, and 
{rh/M)'^ for d = 6 case, where m is any low scale of the model (EW vev, fj, parameter, rriQ: Susy 
breaking scale, mi 2 gaugino masses) should be less than unity. If this is not true, the effective 
approach is unreliable, and unintegrated states (that generated the effective operators) should 
be used instead. 
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The coefficients of the effective operators can also be constrained, in a global fit of MSSM 
plus effective operators, by dark matter experiments, due to their implications for the neu- 
tralino sector whose LSP is a dark matter candidate. This can be translated in constraints 
on the corrections to the Higgs mass. Therefore, the overlap of complementary EW and dark 
matter constraints on new physics would be welcome for model building. As a first step in 
this direction, in this work we compute in component fields, for the first time, the most gen- 
eral extension of the MSSM Lagrangian in the neutralino and chargino sectors extended by 
all allowed d = 5 and d = 6 effective operators. This is related, by super symmetry, to the 
corresponding MSSM Higgs Lagrangian with such effective operators, computed in |?J. 

We then calculate (analytically) the corrections to the neutralino and chargino masses, in 
the leading order, in function of the MSSM corresponding values. It turns out that the 

supersymmetric mass corrections to the LSP from individual operators of d = 6 are in general 
small, of few GeV and less than 1 — 2% for a scale M = 5 to 8 TeV, and as a result, the same is 
true about the change of the LSP composition relative to the MSSM case. This can change in 
cases when all operators of a given order are present simultaneously, and then their combined 
effect is enhanced. To avoid ambiguities we keep the coefficients of all effective operators as 
independent, so that one can turn on/off some of them, depending on the details of the model 
considered. The neutralino Lagrangian extended by effective operators is useful in studying 
the dark matter relic density in MSSM extensions, by implementing it in micrOMEGAs [24j . 

We also perform a careful investigation of the size of corrections to the mass nih of the 
lightest MSSM Higgs field, due to effective operators. In \7] analytical formulae for these 
corrections were obtained, in order, followed by a simple numerical estimate in a very 

special case and under simplifying assumptions. Here we improve this numerical study by 
performing a general and accurate numerical analysis of the corrections to nih, analyzed 
separately for individual operators and including quantum corrections, not considered before. 
We do so by considering the CMSSM phase space points that respect current theoretical and 
experimental constraints, both electroweak and dark matter ones (except the LEP2 bound 
on mfi that is not imposed), and treat the effective operators corrections as a perturbation 
on this "background". We show that the CMSSM points with smallest fine tuning (A<200) 
are rather stable under (Susy) corrections from the effective operators. The correction to the 
2-loop leading-log CMSSM Higgs mass ruh, due to individual operators of d = 6, is found to 
be in the region of up to: 4 GeV (6 GeV) for a scale of new physics near 10 TeV (8 TeV), 
respectively. With the above remarks on neutralino sector, we could expect that their dark 
matter relic density is unlikely to be affected, but a more careful analysis is needed for this. 
Regarding CMSSM phase space points with large EW fine tuning A>200, they give a larger 
increase (~10— 30 GeV) of nih, especially for those ruh otherwise under the LEP2 bound (i.e. 
ruled out in CMSSM), so that the corrected value of ruh can be brought above this bound. 
For some but not all operators, this value is still close to 120 GeV. Therefore points ruled out 
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in the CMSSM by the LEP2 bound or by large EW A, can become viable phenomenologically 
and their EW fine tuning will be reduced, once rrih received a significant classical correction. 

The plan of the paper is as follows. Section [2] and [3] compute the onshell total Lagrangian, 
of the MSSM Higgs, neutralino and chargino sectors, extended by effective operators. Section^] 
presents the mass corrections to these fields, with phenomenological results given in Section [5l 



2 The Lagrangian of the model. 

To begin with, consider the MSSM Higgs sector Lagrangian plus all independent operators 
of dimensions d = 5 and d = 6 that are allowed in this sector by the MSSM symmetries. 
In this section we compute this extended Lagrangian in component fields, in order. 
Such effective operators parametrize in a model independent way whatever new physics may 
exist in this sector, above M ~ few TeV. All operators are considered here with independent 
coefficients. The Lagrangian is then 

C= jd^eY,Zi{S,S^)H\e^^Hi + Ud^eix{l + BomQee) Hi.H2 + h.c^+lCo + Y,Oj (1) 

j=i,2 i=i 

where Zi{S,S'^) = 1 — CiSS\ S = nioOO, i = 1,2 account for Susy breaking in the MSSM 
Higgs sector, mo is the Susy breaking scale, given by mo = {Fhidden) /Mpianck- is the 
only dimension-five operator present up to non-linear field redefinitions [9], while Oi are d=6 
operators. Further: 

/Co = ^ j d^e aS)iH2.Hif + h.c. (2) 

= Cio [2ih2.hi)ih2-Fi + F2.hi - i^2-i^i)-{h2.iJi + iJ2-hif]+Cnrno{h2.hif + h.c. 

where Hi = (/i^, V'i, F,), hi.h2 = h\hl-h^h+, (1/M)C(5) = Cio + Ciimo^^, soCio,Cii ~ 
For the conventions used see Appendix [Al The list of d = 6 operators is [71 [8] (also pT] ) 

= -^jd'eZ,{S,S^){H]e''^H,)\ j = l,2. 

03 = ^ 1 d*0 ZsiS, S^) {Hi e^^ H,) {hI e^^ H2), 

04 = J d^e Z^{S,S^) {H2.Hi){H2.Hi)\ 

05 = ^ y d^O Z^iS, S^) {Hi Hi) H2. Hi + h.c. 
= ^ y d^'e Ze{S, S^) {hI e^^ H2) H2. Hi + h.c. 

^7 = E / d^O Zj{S,Q)Tv{W^W^)s{H2.Hi) + h.c. 

s=w,y 

= ^ y d^e [Zs{S,S^) {H2Hif + h.c] (3) 
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where W" = {—1/4)0 is the chiral field strength of SU{2)l or U{1)y vector 

superfields and Vy respectively. Also Vi^2 = ^t!?(c'^/2) + (=Fl/2) Vy with the upper (minus) 
sign for Vi. The expressions of these operators in component form are given in Appendix Rl 
The coefficients Z are given by 

(l/M^) Z,{S, S^) = ttio + a,i mo 69 + a*^ mo M + 0^2 mg ^^M, where ~ l/M^ (4) 

with Qjj numerical coefficients, assumed independent; ajQ, 0^2 with j = 1,2,3,4 are real. 

The above equations show only the operators polynomial in fields. There are also deriva- 
tive operators [7] which can be eliminated in the low energy effective theory limit, via gen- 
eral non-linear field redefinitions or via equations of motion [TJ [9l [10]. For details how 
to eliminate these operators see [3 [TO]- To give only two examples of such operators, 
that can be eliminated, consider the D-term {H\e^ D D^e^ Hi) ~ {h\'C\Hi) and the 
F-term Ti {e^ e'"^ D'^{e^Wae-'^)) ~ Tr(VF"nVFa) where W is the supersymmetric field 
strengtl§|. Such operators can be eliminated up to redefinition of the soft masses, wavefunction 
renormalization and /u-term redefinition. 

After eliminating the auxiliary fields in £, one finds the onshell Lagrangian, which is 

C = Cd + Cf + Ci + C2 + C^ + U + Cssb (5) 

Eliminating the D-dependent terms in C one finds, with the notations in Appendix [XJ see 
eqs. ()A-15p to ()A-17p . and vector superfields notation Vg = {Xs,Vs ^, /2), s = y,w: 

Cd= -(l/2)Z?°Z?°[l + l/2Ko/i2./ii + /i.c.)]={-|(|/ii|2-|/i2|2) 

s=y,w 

X [(1 + 2pi,^ + ^(a^o^2./ii + h.c.)) - (1 + 2p2,«, + (l/2)(a^o hi-hi + h.c.)) |/i2 
- (.92 gi;a70 o^70'Pj,w Pj,y)\-Y [l+/^i,-«'+/^2,-«; + (l/2)(a7o h2.hi + h.c.)] \h\h 
+ 52/(2^2) [hlT'^hi + hlT''h2] [a^o (h2.^i + ^2.hi) K + h.c] 

+ 51/(2^2) + 4^/12) Ko(^2.V'i+ V'2./ii) Ay + /i.e.] (6) 

Here /ii.V'2 = -'4'2-hi = h^ip^ - h^i^^, j/iip = hfh\ + h^*h^, h\h2 = hfh^ + /i7*/i§, etc. 
Eliminating the i^-dependent terms in C gives Cp below (using notation ()A-13p . ()A-14p ) 

Cp = Cf,i + Cf,2 
-Cf^ = |Fl|' + |F2p = |/^ + 2Cl0/il./i2p (l^l|' + l^2n 

+ /i (^|/llpP21 + |/l2pPll+ (/ll-/l2)"^ (P22 + Pl2)+ (V'l- ^2)^13+ {hl.11^2)^ P2zj+h.C. 

These operators are often generated as one-loop counterterms even in simplest orbifold compactifications, 
see [251 126| , after integrating the Kaluza-Klein modes and come multiplied by the compactification volume. 
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while Cf,2 is due to the nontrivial field metric in the Kahler potential: 



- Cf,2 = 2 (aio + a;2o + Q;4o)|^iP |^2p + ("30 + a4o) (l^il^ + 1^2!^) 

+ 2 (aio + 020 + 030) \hi.h2\^ + (l^iP + 2 \h2\^) (050 ^2-/ii + h.c) 
+ (2|/ii|^ + \h2\^) [am h2-hi + h.c.) 



(7) 



Apart from auxiliary fields contributions, there are also terms which contain space-time deriva- 
tives, that contribute to the kinetic terms for Weyl fermions V'1,2; '^w,y when the neutral singlet 
Higgses hi 2, components of hi^2, acquire a vev: 



A = aio [i^ia^Vf^iIJi Ihil"^ + ii^ia''Mh\Vf,hi 

+ 020 [i?2^''P^V'2 |/l2|^ + i?2^^ '02 (4^M^2y 

+ a3o[i^2'^'"D^iP2 \hif + i^iaf'iPi {h\v^h2] 
+ ago [ii^ia^'V^iPi |/i2p + i?2^'' ''/'2 {h\v^hi] 



i{h\ij2)^^MT^t.- 
■i{h\i,i)a^'li,2{V^- 



^f,)hi + h.c] 



^)h2 + h.c. 



V^)h2 + h.c] (1/2) 



- i (4V'2) a^MT^i^ - ^m) hi + h.c] (1/2) 
+ a4o [i (V'i-^2 + /ii.V'2) a^a^(V'i./i2 + /ii.02)"^ + h.c] (1/2) 
+ {a*o[«/il:P^V'i^^''(V'i-/i2 + /ii.V'2)^ + i(/i2./ii)^?i^^^5MV'i] +h.c.} 

+ {a60[^4^MV'2fT^(V'l-/i2 + /il.V'2)"^ + i(/i2./il)'^?2^''^MV'2] + /^-c} 

+ {(1/4) a^o (/i2./ii) [^ (A?:,a^AX " ^X^^K)] + h.c + {w ^ y)} (8) 



When the Higgs fields neutral singlets acquire a vev, these terms bring a wavefunction renor- 
malization of Weyl kinetic terms and a threshold correction to gauge couplings §2,91. 

Also, there are terms that contribute to fermions masses, when singlet Higgs fields acquire 
a vev (we denote Ai,2 = g2^Z + gi {=fl)Xy, with "-" for Ai, cr": Pauli matrices, a = 1, 2, 3): 

£2 = (aio V2)[- {h\Xi^Ji)\hi\^ - (4v^i) h\Xihi] - aiimo(^i/n)(V^i/ii) 

-I- (020 V2) [ - (4^202) I /i2p - (4V'2) 4^2/12] - a2l"l.o(V'2^2)(V'2^2) 

+ {a3o/V2) [ - (4A2^2)|/ii|' - (/il^i) hlX2h2 + (1 O 2)] - alimo{h\i;i){hl^2) 

+ (050/^2) [h\Xihi {tPi.h2 + hi.tP2) - ih2.hi){h\XitPi + i^iXihi)] 

+ (a6o/V2) [hlX2h2 {tpi.h2 + ^i.V'2) - {h2.hi){h\X2ip2 + ^2^2/12)] 

- mo {ali\hi\^ + all |^2p) V'2-V'i - '^0 ("51 4'^^i + "ei 4V'2)(^2-'0i +V'2-^i) 

+ (l/4)a^imo(/i2./M)(A2,A2,) + (l/4)a?imo(/i2.^i)(Aj;Aj,) + 2a^imo {h2.hi) {-^2.ipi) 

+ a4i mo (/i2.^i) (-V'2-V'i)^ + Cio [2 (^2-/ii)(-V'2.V'i) - ih2-ipi + V'2-^i)^] + h.c. (9) 
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Further, there are some interaction terms 



-aio - "20 (V'2V'2)(V'2V'2) - aSO (V'lV'l)(V'2^2) + "40 (V'2 •V'l )''' (^^2 •V'l 



+ { (1/4) a^o [(-l/2)(/i2./ii)(F^^^F^^. + (V2)e'^^^^F^^.i^^p.) 



(10) 



with ('i/'iV'i)(V'2'02) = (V'lV'i +V'r''/'r)(V'2V'2 +^'2 V'J )' ^^c, where spinor indices are not shown. 

Also, there are /ii^2 dependent terms that contain space-time derivatives, which contribute 
to the kinetic terms in the Higgs sector, when the singlet Higgs fields acquire a vev: 



A = 2aio I^^M^ll^ + l^l^^^lP] + 2^20 [|/i2|^ |^M^2p + l4^^^2|^] 

+ "30 [\hl? \V^h2? + {h\V^hi){h\^^'h2) + {l O 2)] + 040 |5^(/i2./ii)|' 

+ {a5o[|^M^il'(^2./ii) + (M^/.^i)5''(^2./ii)] +/I.C.} 

+ {aQo[\VM''ih2-hi) + {h)fi^,h2)d^'{h2.hi)\+h.c.} (11) 



Finally, the Lagrangian contains (F and D-independent) corrections due to supersymmetry 
breaking, i.e. terms proportional to mo, due to spurion dependence in the higher dimensional 
operators (of dimensions d = b and d = 6) as well as the usual soft terms of the MSSM. All 
these together give a final contribution to the Lagrangian: 

C-SSB = -VssB = ml [ai2 \hi\^ + 022 |/i2|^ + "32 l^iP |/i2p + "42 \h2-hi? (12) 

+ ("52 l^lP {h2-hl) + h.C.) + (q62 |/i2p (/i2-^l) + h.C.)] 

+ [mo as2 (/ii-/i2)^ + Cii "T-o {h2-hif + fiBouiQ {hi.h2)+h.c.] 

- mo (Ci|/li|^ +C2|/i2|^) 

This concludes the presentation of the full Lagrangian, in 1/M^ order. Additional transforma- 
tions (fields redefinitions or eqs of motion) can be used to eliminate the non-diagonal kinetic 
terms of fermions and scalars, to obtain a canonical form. 



3 The neutralino and chargino Lagrangian. 

From the total Lagrangian of the previous section one can obtain the Lagrangian of the 
neutralino and chargino sectors. Since the result is long, its detailed form in component fields 
is provided in Appendix [Bj In this section we extract from this Lagrangian only the terms 
that contribute to neutralino masses and their kinetic terms (hereafter SCd,f,2,i)- These terms 
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originate from Co, ^f,i, ^2, C,\ of previous section and are present in addition to the MSSM 
original terms. These are detailed below (in component, gauge-singlet fields notation): 

8Lj, = -^(|/i?|2-|/iO|2)(52A3«%-5iAXo)(^2V'? + V'2°/i?)+^-c- (13) 
together with 

- 5£f,i = + 1^2!') KoA^A^ + \>^y) + mV'JV'? (-2aio hl*h^2 + «5o/i^') 

+ V?V'2 [ - (/^«4o + Ma3o)(|^?P + |^2p) + («50 + aeo) (m + A*) h^h^ ] 

+ //V'2V'2(-2a2o/i?/i2* + a6o/if) + ^.c. (14) 

and 

51:2 = {92X1 - 9lXy){6ii^^l + ^2V'2) + S3 V'?^? + ^4 V'?V'2 + <55 V'2V'2 

- ^mo/i?/i2 («7iA^A^ + q;^iAj/Aj/) +/I.C. (15) 
where we introduced the notation: 

51 = -2V2aio /i?* + V2arM {h^^ /i^ + (a^o/^^) ^?*'^2* " ("eo/^^) 

52 = 2V^a20|/i2l'/i2*-^a60|/i2l'/i?-(«60/^^)/i?*^2*' + («50/\^)|/i?|'^^ 

,53 = -atimo/i?*' + moa^i/iS*/i^-Cio/ir 

(54 = 2mo(a^i|/i?P + a6il^2l^) - "31 ^0 h1*hf - 2a^imo/i? /i^ - a^imo/t?*^^* - 4Cio /i? ^2 
,55 = -a^imo/i^*' + moa^i/i?/i^*-Cio/i?' (16) 

£1 and £4 contain non-canonical, non-diagonal kinetic terms for neutralinos/charginos and 
neutral higgses, respectively, and these have to be carefully considered. The terms in jCi that 
generate non-canonical kinetic terms for neutralinos, are denoted SCi and are 

+ ^ (A^cr'^Sjt - a^A;;,a^A3 ) z.^- + 1 (A.a^S^A, - S^A.a'^A,) + h.c. (17) 

with 

z/i = 2aio|/i?P + (l/2)a3o|/i^|' + (l/2)a4o|/i^p-2/i?*/iO*a^o 

z/2 = 2a2o|/i^|' + (l/2)a3o|/i?|' + (l/2)a4o|/i?p-2/i?*/i^*a^o 

z/3 = (l/2)a3o/i?/i^* + (l/2)a4o/i?/i^*-<o/^2*' 

z/4 = (l/2)a3o/i^/j?* + (l/2)a4o/i^/i?*-a^o^?*' 

1.5- = -(l/2)a%/i$/i0, = -(l/2)a?o/^?/^2 (18) 
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For our purposes it is useful to re- write this as 



+ '-vf,,\ia^dX + \4,*\^'d,\ + ^-^- + S^d,u, (19) 

is a function of fields, not specified here, and its contribution is vanishing if Vi is a constant, 
which is indeed the case when the Higgs fields acquire a vev. Also we introduced: 

Uij* = Vi + v* (20) 

Adding together (fT3]) to ([T9]) and the original MSSM neutralino/chargino terms {SCmssm) we 
finally have the following part of the neutralino Lagrangian needed for the mass spectrum 
(that is, without interacting terms, given in Appendix iB]) : 

+ ^ (1 + u^,.) Xla>^dX +'-{1 + Dl,)\ya^d,\y - ^(ssA^ - g,\y){h\*i^l - hl^i^l) 
- ^ "^2 - i miXyXy - fi V'JV" + h.c. } (21) 

where Dij* are the values of i^ij* when the neutral Higgses acquire a vev: 



To remove the off-diagonal kinetic terms in Cy, we perform a field redefinitior|f|: 



(22) 



A, = (1-z>5V/2)A;, A^ =(l-z>-,/2)Ar 
V'? = (l-z>ii./2) < -(P34*/2) V2" 

= (-z>43*/2) < + (1-^22. /2)V2°" (23) 



which only changes the MSSM part of the Lagrangian C^., (ignoring corrections higher than 

-X 



1/M^). In the new basis (double primed) £5^. has canonical kinetic terms, but it is not yet 



■^The off-diagonal kinetic terms can also be removed by a unitary transformation followed by a (non-unitary) 
rescaling of the Weyl fermions. However, the field redefinitions used below provide a simpler form for the final 
result, as they only affect the MSSM part of L, while the unitary transformation (that turns out to be M- 
independent) also acts on the rest of the Lagrangian, which results in more complicated final expressions. The 
two approaches are equivalent, the eigenvalue problem is not changed. 
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in the form needed to compute the neutrahno masses. This is because there also are non- 
standard Higgs kinetic terms that must be brought to canonical form; adding the MSSM higgs 
kinetic part, hereafter denoted C^^^^ , then these terms are [7] 



r I rMSSM 
1-4 + J-kt 



3 +g^J') d^h'^d'^h^ 



0* 



1,2. 



where the field dependent metric is: 



511* 

512* 
522* 



4aio + ("30 + a4o) \hl\^ - 2 (050 h\ + h.c.) 



Qt;n III 



1.02 

"60 /I2 ; 521* 



("30 + "4o) hi* /l2 — 

4020 |/i2p + ("30 + "4o) - 2 (aeo /i? h9, + /i.e.) 



5l2* 



(24) 



(25) 



The metric gij* is expanded about a background value (/i?) = Wi/\/2, then v-dependent 
contributions to higgs kinetic terms are generated (plus higher dimensional interactions for 
higgs, involving 2 derivatives). Higgs field re-definitions can be performed to obtain canonical 
kinetic terms for neutral higgs sector; these bring further corrections to the scalar potential 
[7] but also shift the pure MSSM part of to generate extra 1/M^ corrections. The field 
re-definitions are then [7] 



hi 



h^. 



hi 



ail* 
2 

522* 



521* 

2 

512* 



hi 



h^ 

'hi 



where 



9ij* — 9ij' 



(26) 



where gij* are constants defined above. This higgs field redefinition is applied to Cy^ in the 
doubled-primed basis. The result of applying (|23|) . (f26|) to ([2T]) is then, after removing the 
double-primed superscripts: 



+ 
+ 
+ 



5Cd + IiCf,i + 5C2 
I 
2 

A* 



(-2 + Z>ii. + Z>22*) ^ltp2 + ^^3*4 i^li^l + Z>34* tp2'^2 



0„/,0 



/,0„/,0 



52 

2^/2 



A, 



/i?* [V-S (Z>34* - 521*) + V^? (-2 + Pir + 511* + ^>5"*)] 



^2 * [V'l - 512* ) + V'" (-2 + 522* + ^^22* + i>55* )] " (^^ ^ y > 52 ^ 5l 



mi 

^(l--f5 



(27) 



This is the canonical Lagrangian in the neutralino sector that contains the mass and kinetic 
terms. The interaction terms 0{1/M'^) can be found in Appendix [Bj they are not affected 
by the above higgs and gaugino/higgsino redefinitions since the difference is of order higher 
than l/M^. Thus, they can be simply added to the above C^. The full Lagrangian can be 
implemented in micrOMEGAs, to analyze the impact of Oj, /Co on dark matter searches. 
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4 The spectrum of the Lagrangian. 
4.1 Corrections to neutralino masses. 

Using >Cj^ of the last equation in the previous section, we compute in this section the mass 
corrections to the neutrahno fields, induced by all effective operators in order (i.e. 

leading order in aij ~ second order in ~ ^/M). In the basis (Ay, A^, ■01 , ^^^^ 

mass matrix is 



Mil 

Ml3 



M 



14 



M22 
M23 



M 



34 



M 



44 



= mi + - [ - 2a^Q(Lfu^ + (a^i mo + (0:70 + O!7o) 'Til) 'U^sin2^], M12 = ^ 

- 4 ( - 8 + (aao + a4o) v^) cos /3 + [4 (039 + 040) cos 3/3 



mz 
32 



sin( 



+ 2 sin /3 (4a5o + 4a6o + + «7o + (^"50 " ^aeo + Sa^ + "70*) cos 2/3) ] 



mz 
"32 



sm( 



32 sin /3 + 2 -u^ cos ^ [4 050 + ^a%Q + ck^q + 



+ cos 2/3 (4a5o - 4ago - ^ck^q - a7Q*) - 4 (030 + 0:40 ) sin 2^ ] 
= m2 + \[-2a^Qiiv^ + (a^i mo + {a^o + m2 ) v"^ sin 2^ ] 



mz 
"32" 



cos 9,, 



4 ( - 8 + (a!3o + 0:40) v^) cos /9 + [4 (030 + a4o) cos 3/3 



+ 2 (4a5o + 4a6o + ^70 + "70* + ( 4 ago - 4a60 + Sa^ + a^o* ) cos 2^ ) sin ^ 



AI24 = "22" COS 6', 



32 sin /3 - 2 cos /3 [ 4a5o + 4 aeo + "70 + a 



w * 
70 



+ (4 ago - 4 a^o - ^(^70 - "to ) cos 2/9-4 (030 + 0:40) sin 2/3 ] 



M33 = 



4 mo cos /3 (a^i cos /3 — sin ,5) + 4 (10 sin^ + n [2a5o + ago + aeo 
+ (-2a5o + 050 - aeo) cos 2/3 - (4 aio + 0:30 + "40) sin 20\ 

= ^ 4// - (^2 (agi + agi)mo + (2aio + 2a2o + 3 (030 + a4o))A*) i'^ 
+ {2 [- (ogi - a%{) mo- fi (aio - 020) ) cos 2^ 

+ [ (0:31 + 0:41 + 2 all ) mo + (3 0:50 + 050 + 3 aeo + ago) /x + 4Cio] sin 2^^ 

= ^ f ^ 2a2i mo + (aso + 2 ago + ago)// + [ - 2a2imo + (050 + 2a6o - ago) /t] cos 2^ 

+ 4 Cio cos^ /3 - [2a6i mo + // (4 a2o + 030 + a4o) ] sin 2/3 (28) 

with the remaining matrix elements fixed by the symmetry Mij = Mji- 

One can find an eigenvalue (denoted ^) of this mass matrix in an analytical approach, by 
a perturbative method, as an expansion about the corresponding MSSM eigenvalue (^o)- In 
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both cases, the eigenvalues satisfy a characteristic equation 

7ze' = 0, (a) 7°(eoy = 0, (6) (29) 

with sums understood over the repeated index I = 0, 1,2,3,4. Here (a) refers to the general 
case and (b) to the MSSM case, are coefficients depending on Uij ~ l/M^ and Cio ~ 1/M 
that are found from the mass matrix above and denotes any of the four mass eigenvalues 
in the general case. The values of the MSSM counterparts, ^yf for coefficients and for 
corresponding eigenvalue, are recovered from the general ones by setting aij and Cio to 0. 
Further, any general mass eigenvalue can be written ^ = + -^i + -^2 with zi oc (iq = 0{1/M) 
due to the d = b operator, and Z2 oc § Yliij ^ij '^kij + P2 Cio = ©(l/M^), due to all d = 6 

operators as well as the d = 5 operator. From these equations, one computes the difference 
^ — by consistently retaining the leading order approximation in eq. (|29p (a). One finds 



C = ^o + Zl 



'J 

where 



J 7° (Q^- 



V iiof + z\ Cl 7fc° {iof-' + z, k 7i') i^of-'] (30) 



with summations understood over indices j,k = 0,1,2,3,4. Here 7^^^ and 7^^^ denote the 
corrections 0{1/M) and 0{1/M'^) respectively, that are present in 7^.. Also C| = k{k — l)/2. 
Replacing by any of the four values of the neutralino masses in the MSSM, one obtains the 
corresponding neutralino mass in the general case. In particular this is true about the LSP 
mass, when is the MSSM corresponding eigenvalue. 

We provide below the analytical expression for the neutralino mass corrections, with the 
contribution of each operator (Oj) labelled by the first index in Oij. One can include the 
effect of a selected set of these operators or from all of them, by simply adding the corrections 
Sm^ = ^ — to the MSSM mass eigenvalue (^o), due to the particular set of operators 
considered. We found 



5m^{Oi) = — ^ /if^ cos/3 2^ (mi — ^o) (^o — 7712) cos/3 — [(mi + 7712) m| 

+ 2 (mi m2 - m|) - 2 (mi + m2) + 2 ,^0^ + ("t-i - m2) m| cos 26*^] sin /3 

+ — iimo^^ 2cos^ /3r(mi + m2) m^ — 2 (— 2mim2 + m^) — 4 (mi + m2) 
4 cr L 

+ 4,^0^ — m| (mi + m2 — 2 ^o) cos 2/3] + (mi — m2) m| cos 20^ sin^ 2/3 (33) 
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where a is defined later on. Further: 



and 



Sm^{Oi) aio ^ a2o, all ^ a2i,P ^ Tr/2 — P 

12mi 777,2 A*^ + (rrii + m.2){l2i? + m|) - 2 (6/7,^ + rn|) 



"30 2 

4cj 



+ "^z (2 — "^1 — "^2) COS 4/3 + 2 sin 2/3 [// ( — 3 (mi + 7712) — 2 mi m2 
+ 6 m| ^0 + 2 (mi + m2) Co^ - 2 ^o^) + "^1 ("^1 - ^2) cos 26'tu (^o sin 2/3-3 /x)] 



+ ^^p— mo sin 2/3 m| (mi +m2 — 2 + ('T^l — m2) cos 29yj ) sin 2^ 



4a 



+ 4//(mi - ^o)(m2 - Co) 



(^m;,(03 



"30 — > "40, "31 — > "41 



(34) 



(35) 



Further 



= ^^v^ cos P — 5fi m\ (mi + m2 — 2 ^o) cos 3^ + 2 sin fi [8 mi m2 /x^ 
8(j L 

- (mi+m2)(8/x^+m|)Co + 2(4/x^+m|)Co^] +8(m2-mi)m|Co cos^ ^ cos 26'tu sin/3 
+ fxcosP [5 (mi + m2) m| + 2(4mim2 - 5m|) - 8('T^l + m2) + 8 Co^ 

+ 20 (mi — m2) m| cos 29^, svo? /3] — 2 m| (mi + m2 — 2 ^o) ■^o sin 3/3 

+ ^^■"^ - /im| cos4/3 [mi + m2 - 2^0 + ("ii - "12) cos26'^] 

+ 4/x cos 2^ [(mi + m2) m| - 2(mim2 + m|) + 2(mi + m2) - 2^o^ 

+ ('TZi — m2) m| cos 29w\ + 3// [7 (mi + m2) m\ + 2(4 m\m2 — 

- 8(mi + m2) + 8Co^ + 7(mi - m2) m%cos29w] - 4 sin 2^ [ - 12mim2/x^ 
+ (mi + m2)(12/x^ + m|) Co - 2 (6/x^ + m|) Co^ + {rni - m.2) m%^o cos 29yj] 

— 2m| Co (nT-i + m2 — 2Co + (mi — m2) cos 26yj) sin 4/3 + — ^ mo 

J 8(7 

X 32;u(mi — Co) (Co ^ ^^'2) cos^/3 — 2sin2/3[3(mi + m2)m| + 4mim2Co — 6m^Co 

— 4 (mi + m2) Co^ + 4Co^ + 3(mi - m2) m| cos 26*^] - m| [mi + m2 - 2 Co 
+ {mi — 1712) cos 26 w\ sin 4/3 



^mj^(C>6) = 5m^{0^) aso ^ a60,"5i ^ "6i,/3 ^ 7r/2 - /3 
The correction due to bino part (indexed by y) of O7 is: 



(36) 



(37) 
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y 

70 „,2 



16cj 



/i [mi m| + 8/^2 ^^ + 5rnl^o-8 - (S/x^ + m| - 8 ^o^)] 

+ /X [{"mi + ^^^2 + 3 ^o) cos 2^^ — cos 4/3 (mi + 3 m2 — 3 

+ (mi - 3 m2 + 3 ^o) cos 26*^) ] - 2 [m| (2/x2 + (m2 - Co) Co) + ?rii ( - 2m2 /x^ 

+ Co(2/x^ + m|) + 2m2Co^-2Co^) + m|cos26'^(2/x2+Co(mi- m2+Co))] sin 2/3 



+ 



J/ * 

70 ,,2 



8(71 



u sin 2/3 



2mim2M' - (2miM' + (mi+m2)m|) Co + (-2mim2+m|)Co' 



+ 2 mi +"^1 (^(mi + m2 - Co) sin 2/3 + (mi - m2 + Co) cos 20^ (-Co + A* sin 2/3) ) 



+ — a?imot;2sin2/3 2m2(/i2 - Co^) - Co (2//^ + m| - 2Co^ 
8(7 L 

+ m| (—Co cos 2^^ + 2/Ltcos^ sin 2/3) 



(38) 



A similar correction exists for Of: 

Sm^{Of) = Sm^{0^) a^o ^ af^, a^^ a^i, rm m2, m2 ^- mi, 6"^ 7r/2 - 6*^ (39) 
Further 



Finally 



^ mo sin2^ 4/i(mi - Co)("^2 - Co) + m|[mi + m2 - 2Co 

Z(7 L 

+ {'mi — m2) cos 26iu] sin 2/3 



(40) 



ClO 2 / , ClO 4 
4(7 8 (7^ 



12 (7^ (mi - Co) ("i2 - Co) sin^ 2/3 + (7'^ [ - mim2 + /x^ 
+ m| + 3(mi + m2) Co - 6 Co^] + o"(7' [4 mi m2 - 5m| - 8(mi + m2) Co + 12Co^ 

(41) 



+ m|cos4^ - 8/x(mi +m2 - 2Co)sin2/3] 
In the above equations we introduced the notation 

(7 = (mi + m2)(2;U^ + m|) - 4 (-mi m2 + + m|) Co - 6 (mi + m2)Co^ + 8Co^ 
+ m^ [(mi — m2) cos 20^ + 2^sin2/3] 

a' = 5 (mi + m2) m| + 2(4 mi m2 - 5 m|) Co - 8 (mi + m2) Co^ + 8 Co^ 
+ "T-l [ ~ (("T-i + ?7i2 — 2 Co) cos 4/3) — (mi — m2)(— 5 + cos 4^) cos 29yj] 
+ 16/x (mi - Co) {m2 - Co) sin 2/3 



(42) 



In some cases not all operators are present, and even for each operator, one may be interested 
only in the supersymmetric correction (labelled by a "zero" second index, ajo). By simply 
setting CKji and a'j^ to zero, one can identify only the supersymmetric corrections, when the 
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above results simplify considerably. Moreover, for the constrained MSSM when the gaugino 
universality is present, mi{mz) = (5/3) tan^ 9w{mz)m2{mz) , then the results are further 
simplified. As for the expression of the MSSM mass eigenvalues denoted ^o, these are known 
in the literature [28j and can also be evaluated numerically. The numerical results due to 
these corrections will be presented in Section [5l 

4.2 Corrections to the Higgs fields masses. 

The effective operators also affect the spectrum in the Higgs sector. The exact corrections 
of these operators to lightest Higgs mass m| to order ©(l/M^) can be found in eq.(36) and 
Appendix C of [7j. With ruA > mz assumed, the mass correction to nih, in the large tan/3 
limit with niA fixed, has a very simple form [7]: 



6ml = -2^^^ 



+ 



"22 ml + (aso + a4o)/U^ + 2aQi mo fx - a2o m\ 
1 



1 1 
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I ^ 2T\4™A ( (2a2i+a3i+a4i+2a8i)mo/U+(2a5o+a6o) + "62 "Iq) 

q ^ 2 2 /o 1 ^ 4\ , 8 (m^ + m|) mo Ci 
- (2a60 - 3a7o)m^m^ - (2a6o + aTojm-z ) H — 7-% 2T2" 

+ 0(l/tan2/3) (43) 

where (5m| = m| — m^, with the MSSM value. Similar formulae exist for the heavier 
neutral Higgs mass m^^, and pseudoscalar m\. With these corrections one can examine the 
effect of combined dark matter and EW constraints on the scale of new physics that may 
be present in the MSSM. For details on the Higgs sector corrections to masses see [71 [8]. 
In the numerical results presented in Section [5] we use the exact formula for (i.e. with 
no expansion in tan /3 or other parameter) . Eq. (j43p gives however a good indication on the 
behaviour of the corrections: for example (5m| is increased by negative a3o,Q;4o, as we shall 
see later on, 050,060 have contributions suppressed at large tan/3, Susy breaking corrections 
(aji,aj2) are comparable to Susy ones (ojo)) etc. 

4.3 Corrections to the chargino masses. 

Following the method presented for the neutralino case, one can also evaluate the corrections to 
the chargino fields masses. To this purpose one uses the Lagrangian presented in Appendix [Bl 
As for the neutralino case, chargino fields rescaling is required to ensure canonical kinetic terms 
for them, plus Higgs re-definitions as in eq. (|26|) . The chargino mass corrections in order 
are presented in Appendix [C] and can be useful for phenomenological studies, in a global fit 
of MSSM with effective operators. 
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5 Phenomenological implications 



In this section we analyze the impact of the effective operators on the MSSM Higgs and 
neutralino LSP masses. We perform the analysis separately for each individual operator 
considered. This is because not all operators may be present in a particular model. The 
corrections from a set of operators can be readily obtained by combining appropriately those 
of individual O,. The number of parameters can be further reduced by considering only the 
impact of the supersymmetric corrections (i.e. take aji = aj2 = 0, j = 1, ...8), and ajo / 0. 
It turns out that non-Susy corrections are, in absolute value, of a size generically close to that 
of the supersymmetric case. From this analysis one can identify which of these operators has 
the largest impact on phenomenology. 

To this purpose we consider the CMSSM phase space points that respect all current 
constraints, both theoretical and experimental. These refer to: radiative EWSB, no electric 
charge or colour breaking, LEP sparticle bounds, 6—7-57 bounds and dark matter constraints, 
but no LEP2 bound on the Higgs mass (that is not imposed, see later). These points are 
selected using SOFTSUSY [27J and micrOMEGAs [M| codes, in the context of CMSSM, as 
described and used in |3jJ. On these phase space points we impose the constraint rh/M < 1/2, 
where rh = fi,mQ, or mi2, to ensure that our effective expansion parameter which is actually 
its square ajom ~ {fh/M)'^ < 1/4. This value is small enough to trust the results of the 
effective operators expansion. Using these CMSSM phase points we examine the effect on the 
LSP and Higgs masses from the corrections due to each effective operator. That is, we treat 
the effective operators as a perturbation of the CMSSM "background", to analyze which of 
its phase space points are likely to give sizable corrections. In this way we investigate if the 
"best fit" points of CMSSM are stable under corrections from the effective operators. By 
"best fit" points here we mean those points that satisfy the aforementioned theoretical and 
experimental constraints, with WMAP dark matter relic density consistency or saturation 
within 3(7, plus electroweak fine tuning not worse than 1 part in 200 [3|. This fine tuning 
constraint enforces that some points have an expansion parameter less than 1/4. 

A more careful analysis should implement all the new couplings in the Higgs, chargino 
and neutralino sectors in SOFTSUSY and micrOMEGAs codes, to evaluate the impact of 
these operators. One could then find bounds on the effective operators coefficients that can 
be translated into upper bounds on the corrections to the MSSM Higgs mass. 
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The definition of EW scale fine tuning tliat we are using is 
where p are input parameters at the UV scale, in the standard MSSM notation. For its value at 2-loop see [3]. 
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Figure 1: The corrections to tire LSP nrass, induced by O2 and Oq respectively. These are the d — 6 
operators that bring the largest corrections Sttilsp arid are generated for a scale of new physics of 
A/ = 8 TeV. The corrections are for ajo = aji = — j = 2,6, and include Susy breaking effects. 



5.1 The neutralino sector. 

Let us now discuss the mass corrections to the neutralino LSP. A numerical analysis of the 
results found in Section 14.11 shows that the mass corrections are actually very small. In 
Figure [1] we showed the mass corrections induced by operators O2 and Og which bring the 
largest corrections, as a function of rriLSP in CMSSM for M = 8 TeV, value consistent with p- 
parameter constraints [T^. As shown, the mass corrections to neutralino LSP are of the order 
of few GeV only (including non-Susy corrections), while for the remaining operators, these 
corrections are even smaller. The reason for this is that the mass of the LSP is suppressed 
- at large /i - not only by ay, but also by large The mass corrections increase slightly 
when non-supersymmetric effects are also included, accounted for by aji in the formulae 
of Section 14.11 Given that the correction to the LSP mass eigenvalue is so small, the LSP 
composition cannot then be significantly changed from its CMSSM value; for example the 
variation of ~ Kx'^l^i)!^) where x ilxP) is the neutralino LSP in the presence (absence) 

of effective operators, and Ui = Xy, X^,ipi,i/j2, does not change by more than ±1% (for all i), 
for M = 8 TeV, which is very small. The presence of a set or all d = 6 operators can however 
increase the overall effect on rriLSP and LSP composition, but this depends on the relative 
signs of the operators and is not studied here. For a detailed study of the neutralino sector 
in the presence of the d = b operator see [151 HSl HTj. 



5.2 The Higgs sector. 

Let us now discuss the corrections to the mass rrih of the lightest MSSM Higgs field. In [7] 
analytical corrections to rrih from effective operators were computed in l/M"^ order. This was 
followed by a simple estimate of the overall size of the correction to tree- level m/i, in a very 
special case and under simplifying assumptions for the coefficients of the operators. In this 
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section we improve the numerical analysis, to present a general and accurate numerical inves- 
tigation of the corrections to rrih for individual operators and including quantum corrections, 
not considered before. 

The results are illustrated in the plots of Figures I2I3I4I where the supersymmetric cor- 
rection 5mh is shown for each operator Oi,...6 and /Co as a function of the CMSSM value 
for m/i evaluated at 2-loop leading- log (LL), for M = 10 and 8 TeV (values consistent with 
p-parameter constraints |14)). The correction due to O7 is very small (< IGeV) for all the 
parameter space, because it is strongly suppressed by the small gauge couplings, in addition 
to aij, and it is not shown here. The correction 6mh shown in the plots as a function of 
CMSSM value of ruh, is defined as 



Sruh 



2 



Lioop.MSSM + - "^'^Lioop.MSSM = IzTT^ + 0{1/M^) (45) 

"l2-loop,MSSM 



SO the total value is then 6mh + m/i|2-ioop,MSSM; here m/i|2_ioop,MSSM is the 2-loop (LL) 
corrected CMSSM value for Higgs mass, while is the classical correction due to the 
effective operators whose exact expression can be found, for exact Susy case, in eq.(36) in [7]. 
The large tan /3 limit of (5m| is given in (|43p . including Susy breaking effects; as it can be seen 
from there, negative 030 and can bring a positive correction Snih, and this remains true 
for all tan f3 as seen in the plots in Figure [2l[3l for ajQ, j = 1, 2, 5, 6 the sign of the correction 
is not clear from (j43p . Finally, in all plots the points below the black continuous line are the 
CMSSM points with EW fine tuning A < 200, and satisfy all experimental and theoretical 
constraints as explained above, including WMAP constraint within 3cr (in red) or consistent 
with it (in blue), except the LEP2 bound on nih which is never imposed, for reasons that 
become clear below. 

Let us first discuss the correction for points with A < 200. From these plots we notice that 
CMSSM ("best fit") points below the black continuous line, i.e. which respect all constraints 
mentioned above plus fine tuning A < 200 and regardless of the LEP2 bound on m/j, receive 
from individual operators a small change to the Higgs mass ruh, of only few GeV: up to 4 
GeV for M = 10 TeV and up to 6 GeV for M = 8 TeV. This indicates a variation of 6mh 
by about 1 GeV for a 1 TeV variation of M. These numerical values are even smaller for 
some operators, see Figures I2|3[ Note that points which were below the LEP2 bound by 
this correction are now phenomenologically viable. The special point of CMSSM of minimal 
A = 18 that saturates the dark matter relic density [5] within 3a, and with nih = 115.9 it 2 
GeV [3], could therefore receive a correction 6mfi ~ 4 to 6 GeV, so that m/^ can increase to 
mh + 6mii = (120— 122) ±2 GeV. Given the relatively small size of the correction 6mfi one can 
say that these particular CMSSM phase space points and their predictions are stable against 
the presence of new physics at the scale M = 10 TeV or M = 8 TeV. This is an interesting 
finding, and can be explained by the fact that these points generically have a light ^ and 
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Figure 2: The correction Snih to the lightest MSSM Higgs mass, due to effective operators, as a 
function of the 2-loop (LL) CMSSM mass rrih, with M = 10 TeV. In Ught blue are CMSSM phase space 
points with relic density ilh^ > 0.1285; on top, in dark blue, are points with ilh^ < 0.0913 (3cr deviation) 
and on top, in red, are MSSM points that saturate WMAP bound within 3cr: nh"^ = 0.1099 ± 0.0186. 
(WMAP value: nh'^ = 0.1099 ± 0.0062 P). No LEP2 bound on mh is imposed at any time. The 
corrected value of the Higgs mass is nih + Snih. The corrections are supersymmetric, generated by 
Ojo, and can increase/decrease if Susy-breaking effects (aji,aj2) are also included. We assumed 
ajo = — 1/M^, j = 1,2,. .6 and M = 10 TeV. The points below (above) the black continuous line 
have CMSSM EW fine-tuning A < 200 (A > 200), respectively. The points below the continuous line 
receive a correction of up to 4 GeV. With a^o, aeo < 0, 6mii{05fi) < (note that —SruhiO^fi) is 
plotted). The gaps ("wedges") in the plots would be filled in by a better scan of the phase space. 
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light mi2 (focus point region) [3], and thus the supersymmetric corrections 6mh, (generated 
by Ujo) are rather suppressed. 

The corrections 6mfi can increase or decrease if one also includes effects of Susy breaking 
associated with the effective operators and encoded in aji,aj2, by an amount comparable to 
that due to their supersymmetric corrections; for large tan f3 the size of their effects can also be 
seen from eq. ()43p . However the relevance of such corrections for the little hierarchy problem 
and for mh value is questionable, given that these are themselves related to supersymmetry 
breaking. We therefore do not consider such effects further. Finally, unlike operators Oj, in 
the case of the dimension-five operator, the MSSM phase space points of A < 200 that violate 
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Fi gur6 4: As for Figure with the correction to the MSSM hghtest Higgs mass induced by A^Oi 
function of 2-loop MSSM Higgs mass. Left plot: AI = 10 TeV, right plot: M = 8 TeV. The corrections 
from d = 5 operators are now larger, due to leading 1/M terms present for the d = b operator. 

the LEP2 bound can bring a correction 5m/i(/Co) significantly larger, and these points become 
phenomenologically viable (see Figured! with 8mh ~ 20 GeV for rrih ~ 110 GeV, still under 
the black curve, i.e. A < 200); however, the final, corrected value rrih + Srrih, while situated 
above the LEP2 bound now, is still below 125-135 GeV. 

Based on our previous results for the corrections to the neutralino LSP mass, which turned 
out to be significantly smaller, we can say that these "best fit" CMSSM phase space points 
(A < 200) are unlikely to have their dark matter constraint changed significantly, and are 
then rather stable under "new physics" presence. This is also supported by the fact that 
dark matter abundance, that depends on the annihilation cross section may not receive large 
corrections since the change of the LSP composition due to Oi was small (consistent with a 
small mass correction). However, only a careful implementation of the new couplings in the 
neutralino sector into micrOMEGAs and SOFTSUSY can address this issue on solid grounds. 
Note that to such cross section effects all operators Oi contribute: some like provide 
a direct LSP annihilation coupling of the bino (oc 1/M^) but give an otherwise negligible 
correction to lUh, while the remaining operators induce a similar order effect for the LSP, via 
©(l/M^) mixing with the MSSM terms. 

Let us now discuss the CMSSM points with fine tuning A > 200 i.e. situated above 
the black continuous line in Figure I2|3|4i They can bring an increase of ruh which can be 
significant, of 10-30 GeV (larger for ICq), but this depends also on M. Therefore, points that 
in the MSSM would be eliminated by the LEP2 mass bound for Higgs nih > 114.4 GeV, can 
now be ruled in as viable points. For example there are points which for mh near 100 GeV 
can receive corrections of order 20 GeV or so, to now reach and satisfy the LEP2 bound. 
Interestingly, for Oi^2 the Higgs mass increase is such that total mh remains close to 120 GeV. 
In any case, only points that are largely fine tuned and have a value for nih significantly below 
LEP2 bound, are actually receiving the largest corrections to rrih- Thus the phase space of the 
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MSSM is increased and more points which are otherwise ruled out on grounds of extreme fine 
tuning and/or LEP2 bound, are "recovered" and can be phenomenologicahy viable. The EW 
fine tuning A of those points can decrease by a factor equal to the square of the ratio of the 
Higgs masses after and before adding the correction Snih, and this effect can be significant. 
For an example of how this works in the presence of the d = 5 operator ICq , see [6j , where one 
sees that A can remain acceptable (~ 10), in the presence of /Co even for ruh above 120 GeV. 
A similar effect is expected for the case of d = 6 operators. 

6 Conclusions 

In this paper we considered the extension of the MSSM Higgs sector by all possible effective 
operators of dimension-five and dimension-six, allowed by the MSSM symmetries. By super- 
symmetry, the same operators also provide the most general extension of the neutralino and 
chargino sectors of the MSSM. The study of such extensions is motivated by the attempts 
to understand better the MSSM higgs sector and its stability against corrections from new 
physics, as well as by dark matter studies. This is also motivated by the fact that dark matter 
and higgs sectors are intrinsically connected by super symmetry. Complementary constraints 
from dark matter (large length scale physics) and electroweak physics (small length scales) 
can shed more light on either of these sectors or on both. In this paper we started an anal- 
ysis in this direction, by computing for the first time, in component fields, the Lagrangian 
in the neutralino and chargino sectors extended by all effective operators of dimension d = 5 
and d = 6, as well as the corresponding spectrum. The results can be used for studies of 
dark matter relic density within extensions of the CMSSM, by implementing this extended 
Lagrangian in public codes like micrOMEGAs. The study also continued our earlier similar 
calculation of the extended Lagrangian in the Higgs sector alone. The phenomenological im- 
pact of the effective operators was then studied by analyzing the impact of these operators 
on the CMSSM parameter space, as a perturbation. 

We computed the mass corrections to the neutralino and chargino fields and showed that 
the neutralino LSP receives small mass corrections from individual effective operators, of few 
GeV (< 1 — 2%) for a scale of the operators at 8 TeV; the sign of the corrections depends on 
the choice for the coefficients for these operators. The operators with the largest corrections 
were identified to be 02,6- 

A similar study was done for the Higgs sector, and this continued the analysis started 
in our previous work [7j, where the classical correction to the mass of the lightest MSSM 
higgs had been computed analytically, in the leading order (1/M^). Using this analytical 
result we performed an accurate numerical investigation of the size of the correction to nih 
from individual operators, including quantum corrections, not considered before. Using the 
CMSSM parameter space points that satisfied all electroweak and dark matter constraints, 
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except the LEP2 bound on ruh, we showed that points which would otherwise violate the 
LEP2 bound or are strongly fine tuned in CMSSM, become viable points, now respect this 
bound and have a lower fine-tuning. For such points, with A > 200, the effective operators 
can bring individual corrections of Srrih ~ 10 — 30 GeV with the larger values for further 
below LEP2 bound, to increase just above this bound. Non-Susy effects associated with 
the effective operators can increase or decrease this correction. The properties of these phase 
space points need to be analyzed further in a global fit of the whole model i.e. MSSM plus 
effective operators. 

An interesting result is that for the CMSSM phase space points with reduced EW fine 
tuning, A < 200, and that satisfied the WMAP constraint within 3a or were just consistent 
with this bound. In this case, the supersymmetric corrections to rufi from individual operators 
of dimension d = 6 were small: they were < 4 (< 6) GeV for M = 10 (8) TcV, respectively 
(with about a variation of 1 GeV for a change of 1 TeV of the scale M). The points be- 
low the LEP2 bound by this amount but respecting all other experimental and theoretical 
constraints, become now phcnomcnologically viable. The relative smallness of these correc- 
tions (for individual operators), suggests that the CMSSM "best fit" points are rather stable 
against the effects of "new physics" in the Higgs sector that could exist at 10 (8) TeV. In 
particular, for the CMSSM point with lowest EW fine tuning (A = 18) that saturates the 
relic density within 3a and predicting = 115.9 it 2 GeV, and considering only corrections 
from individual operators, would bring this value to ruh = (120 — 122) ± 2 GeV. This could 
suggest a preference for a light rrih even in the presence of "new physics" at 8 — 10 TeV. 
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7 Appendix 

A The expressions of the d — 6 operators and the auxiliary fields. 

The full component form of the dimension-six operators is 

Oi = j d'e Z^{S,S^){Hle^^H^f (A-1) 



= 2aio 
+ 2aio 
+ 2aio 



[\v^hl\'' + h\^^hl + \Fl\'']+\h\F^\'' + \h\v^'hl\ 



Q;io('0i'0i)(V'iV'i)+ 2aiimo|/ii| (F//ii)- aiimo(V'i/ii)(V'i^i)+^-c- +012 mod^ 



|2\2 



(A-2) 



= 2a2o 
+ 2a2o 
+ 2a20 



|/i2|' [ |2?M^2|' + 4 ^ ^2 + |i^2|' ] + |4^2|' + |4^'^/l2| 



2 V'2^''^/.^2 1/^2 1' + ^ i^2^^ ^2 4^M^2 - ^ (4^-2) a'^^sC^/. " '^m) ^2 + h.C. 
- (4A2V2)|/i2p - (4V'2)(4V'2) - ^ (4V'2) 4A2/12 + /i.e. 



a2o(V'2V'2)(V'2V'2)+ 2a2imo|/t2|^(-F2/i2)- a2imo{ii2h2){ii2h2)+h.c. +022^0(1/42!'') 



|2\2 



(A-3) 



= j d'e Z:,{S,S^){Hle''^Hr){Hle''-H2), 

= 030 [|/ll|' [|2^,./l2|' + /i2 ^ /l2 + |i^2p] +(/llFi)(F|/l2) + (/ll25;./ll)(/t|^'^/l2) + (l ^ 2) 

+ "30 ?2^''2?/xV'2 |/iiP + ^ V^i^^ V'l hlv^h2 - ^ {h\^Pl) a^V^2(^/x - ^m) ^2 + /i-c. 

+ ago ^l^^'O^.^l |/i2p + I V^20^'' ^2 /ll25/./ll - ^ (/i|V'2) - '^m) ^1 + ^-C 

+ «30 [ - ^ (/iU2V'2)|/il|' - {h\^i)iF^^p2) - ^ (/ilV-i) hlX2h2 + (1^2) + h.c. 

- "30 (V'lV'l)('02'02) + "31 JT^O [|/tip(F2^/i2) + \h2\^{Flhi)] - al,mo{h\^i){hy2) + h.c 
+ a32?^^o |/^iH/^2|^ 
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(A-4) 



"40 \dfx{h2.hi)\^ + "40 I (-01-^2 + hi.il)2) u'^d^{'4}i.h2 + hi.'4}2)^ + h.c. 



(/l2./ll) (/l2-i^l + F2.hi - V'2.V'i)"^ + ^-c. 

+ a42ml\h2.hi\'^ 



O5 = j d^e Z^{S,S^){H\e'''Hi)H2.Hi + h.c. 



(A-5) 



= "50 

+ ago 

+ "50 
+ 



i h\ V^i,i G^" {^i.h2 + hx42)^ + i (/l2./ll)"^?i^^P^Vl 

(V'i./i2 + hi42) (Fltpi + 4s h\Xihi) - -^{h2.hi){h{\iiJi + ?iAi/ii) 



+ mo 



V2 ' ' V2 

050(^1 /ti) + all mo\hif {h2.F1 + F2.hi - ii)24i) - "51 ^0 (M'^i)(^2-^i + -02-^1) 
a^i{Flhi) + 0*^-1 {h\Fi) (/i2./ii) + 0152 (/i2.^i) + h.c. of all 



(A-6) 



= "60 
+ «60 
+ "60 



[ PM"" + hl^h2 + 1^2 1' ] {h2.hi) + (4^/.^2) 5'^(^2./il) 

I (V'1-^2 + /ll.V'2)'^ + i (/12./ii)^?2^^^mV'2 

'1./12 + hi.ll)2) {fIiI)2 + h\\2h2) - ■^{h2.hi){h\\2ll^2 + tp2^2h2 
aQo{Flh2) +"61 rno\h2 



, „, -, (^2-Pl +-^2-^1 - V'2-V'l) - "ei^T-O (4V'2)(^2-^1 +V'2-/il) 

l^aei (-^2^2) + "61 (^2-^2) {h2.hi) + q;62 "Iq |/i2|^ (^2-/ii) + h-C of all 
^7 = E / t^'^^7(5,0)TV(Ty"Ty«)s(i?2.i?i)+/i.c. 

s=w,y 



(A-7) 



J/ 



s=w,y 



+ 



V2{h2.^l + V'2./ll)(A^£'? + CT^"A«F,%) + (/J2.i^l + i^2./il - Ml) KK} 

^afimo(/i2./ii)(A^A^) +I1.C. of all, {gw = 92\ gy = gi\ w: SU{2); y:U{l)). 

(A-8) 



= 2q;8i mo (/t2-^l) (^2-^1 + -^2-^1 - V'2-V'l) + "lo"82 (^2 • ^1)^ + h-c. of all 
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W"' is the Susy field strength of SU{2)l {U{1)y) vector superfield Vu, (Vy) of auxiliary com- 
ponent Dyj (Dy)- Also 

(l/M^) Zi{S, S^) = aio + an uiq 99 + a*i mo 99 + ^^^6' (A-9) 

and P^/ii = {d^" + z/2Fi'') /i^, /it^'^ = (1"'^^)^ = /it(^M _ i/2Vl'). 

Further, Di = D^f+{-\/2) Dy and D2 = Dy,T + (1/2) Dy, = /2. Finally, one 
must rescale in all Oi {i ^ 7 since O-j is rcscaled already): Vw — ^ 2g2Vw, Vy 2giVy. 
Therefore one must replace Vi^2 = 2g2VwT + 2gi {'^1/2) Vy with the upper sign (minus) 
for Vi, where Vi,2 enter above in the definition of Oi,2- Similar expressions exist for the 
components of the supcrficlds Vi^2- For example: Ai^2 = 92 '^"^ + 51 (^1) \ (minus for Ai). 

Other notations used above: H1.H2 = e*-^ H\ H^. Also |/ii-/i2p = \h\ ^2? = l^iP l^2p- 
\h\h2\'^; e'^ e^i = S^^; e^^ e^^ = 5^^ 5^^ - 5^ 5^^, e^^ ^ 1, with 




= +1 (A-10) 



In the above expressions for 01,2,. ..8; the notations hi, V'i, -^1,2 stand for SU(2) doublets, so for 
example /iJVi = h\* il^X, also = h\hi = h*ih\, where the superscript i labels the SU(2) 
components, as shown above for the Higgs doublets h\^2- Other notations: -01-^2 = ip\e^-'h2 
with a similar notation for the components of the doublet (superscripts). The derivatives 
V, (^) only act on the first field to their right (left) respectively. 
In O7 we used the notation: 

A^A" = d^r -gt-'^ V^T, A J = + ^ [Vf^A], (A-11) 

where the last equation applies before the rescaling of vector superfield (in matrix notation). 
These eqs are considered for A^, (Ay) with corresponding V^,|U (^,//)- 

The Lagrangian with the above Ci,..,8,^o leads to {q is a doublet index) 

F*'i = -{e^Phl[^^ + 2Cio{hi.h2)+pn]+hl'^pu + i^lpn} 

= -{€P1hl[t, + 2Cio{h,.h2)+P2l]+hl''p22+i^lp23} (A-12) 

where pij are functions of hi^2, given in 
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and 



-(2aioA( + Q;40/" + a5i "io)|/iiP - (aso A* + "40/^ + "ei "io)|^2| 



- (0:41 mo + ago fJ-) {h2.hi)* + [ (aeo + 2 050) /x + 2a8i mo] (/ii./i2) 
+ a4o?2-?i - (1/4) KoAS,A2, + a^oA^) 

P12 = (2q;ii mo + 0:50 At)|/ii|^ + (agimo + 0:50 At) 1^2!^ 

- [(2aio + "so) P + all mo] {h^.h^) + mo {h^.hi)* - "50 V'2-'0i 
Pi3 = -[2q;io + "3oV'2^2 - ago (V'l-^2 + ^l-V'2)^] 



P21 



-(2a2oAt + a4o/x + Q;6i mo)|/i2|^ - (aso P + "40/" + "51 ?^^o) l^iP 
-(q;4i mo + ago p) (^2-^1)* + [ ("so + 2 aeo) P + 2a8i "^o] {hiM) 



(A-13) 



+ «4o V'2-^i - (1/4) (a%Aj:,AS, + «?oA;) 

/922 = (2a2i mo + Q;60P)|^2|^ + (Q;3l"i0 + "60/^)1^11^ 

- [(2a2o + 030) /X + ccqi mo] (/ii./t2) + mo (/i2-^i)* - Q;6oV'2-^i 
P23 = - [2a20 '02^2 + 0:30 ■^i ^1 - "eo (■^1-^2 + /ii-V'2)^] (A-14) 

The last line in pn, p2i and P13, P23 are new contributions, due to fermions only. Further 

/iIT" hi (1 + h,w) + 4 h2 (1 + P2,«,) - V Ko (^2.V'1 + V2./il)A2, + /i.C.) 



-52 
-51 



h 



-1 



^1(1 + Pi,j/) + 4^^2(1 + P2,y)-^{a\o{h24i + i^2.hi)\y+h.c.) (A-15) 



with T" = (7"/2, and 

pi,^ = 2aio|/iip + a3o|/i2|^ + [(a5o - "70/2) (/i2-/ii) + /i-c] 
P2,w = 2Q;2o|/i2p + asol^iiP + [("60 " «7o/2) (/i2-/ii) + h.c] 

with similar expression for pj^y in which one uses instead o^q. Therefore 



(A-16) 



Di 



9l 
4 

V2 



■92 



( {l + Pl,w)\hlf -{1 + P2,w)\h2f )^+4(l + pi,^)(l + P2,^)|4^2| 



9! 



hlT^hi + hln2\ [^70 {h2-^i + Ko + h.c. 

2\2 



^((l+Pl,,)|^lp-(l + P2,,)|/t2n 



V2 



-51 



h\-^hi + 4^ /i2 a7o (/i2-V'i + V'2-/ii) A^y + h.c. 



(A-17) 
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B The neutralino and chargino Lagrangian. 

Here we provide the full neutralino and chargino Lagrangian, in component fields (see notation 
(|A-10|1 - similar notation for higgsino components), extracted from the total Lagrangian of 
Section [2j Below we use the notation: 

d;f2 = {d,-{i/2)sgV;/)f2 '^lf2 = {d,-'d,-isgV^)f2 (B-1) 

where s = +1 for /i = ip^, /ij, /2 = ipi , and s = —1 for /i = ip2^ /12, /2 = V'J ) Also 

= Vl^TiVl^^V2W^, gV^ = 92Vl^-g,Vy,^, 
= ^iTi^i = V2~Xt gV;/ = g2Vl^ + giVy,f„ 

9 = g2/ cos9w = gi/ sm6^ = e/{sm9u,cos9y,) (B-2) 

where VF^, denote the charged weak bosons and charginos, respectively; (below we use the 
and A^ notation instead, to avoid complicating the expressions by the extra \/2 factors). 
The neutralino and chargino Lagrangian receives contributions from £ of (l5|). Co gives: 



-1 r 



520^0 \h'2\'+ \ht\'- +A+ {h^,*h^+ht*hl)+X;,{h',*h^+ht*h'2r 



4\/2 

- gi a?o A,[|/i?p - + |/iri' - (v?/i2+^?V'2-V'r4-/ir^2+) + ^.c. (b-s) 

Cf,i contributes the neutralino/chargino terms below, given separately for each operator O^: 

Cf,i D X^-^Oi where: (B-4) 



Ro, = 2aio//(v?/i2-V'r/i^)(/i?>? + /ir*V'r) + ^-c- 

Ro, = 2 020 (V'" h^i - i'tK) (^2>2 + hpi^t) + h-c. 
Ro^ = «30 M - ^^h+) {hf^l + ht*^t) 

RO, = 040/^ (V'?V'2-V'^^2'')(l^?l' + l^2l' + |/i^l' + l^^l') + ^•C• 
i^05 = -«5o ^ [ii'lhi - i;^h+) dj^hi + /i?v2° - v-r/i^ - /irv'2+) 
+ {hihi-h^ht) (v?V'2° - ^rv'2+)] + h.c. 

+ (/.?/.o-/ir4) (V'JV's - ^'1-^2'")] + h.c. 

Ror = «70 (A;1;A- + A^ A^ ) + a% XyXy] 

X (|/l?|2 + |/i0|2 + |/i-|2 + |/j+|2) + (B-5) 
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Further, L\ generates the following terms, which are pairs of higgsino or of gaugino: 

8 



(B-6) 



i=l 



Sor = ia^o[i\h'i\'' + \h^\^)[iJp^^^;^P^, + {^/2)g2ii;p^^ 



{hl*i^l + K*i>l)a^ [i^t^l h\ + ig2{^lV+hl +i^iV-h\) + i^l^l h-[] +h.c. (B-7) 



S02 = ia2o 



- {h^^*i;^^ + hp^Pt)^>'[i^°2'^f,hUig2{^P^2V^^ht + i^tV+^ +h.c. (B-8) 



. 030 



+ {\hl\^ + + (i/2)52(v^a^^+vr + v^^'^nr^?) +^^^5/i^r 

+ (via^v2° + v^^^V'2'") + {img2{h\*v+hi + /ir*^^"/^?) + /ir*5;i h-^i 



(/iO*V2° + /i2+*V'2+)'^'' [^t^lh\+ ig2{^lV+hl+^lV-hl)+i^l^lh-l] +h.c. (B-9) 



za4o 



+ /i?V2 - V'r^2" - ^rV'2")<7''5;x(V'?^2 + hli^l - il^^ht - h^ipt)'' + h.c. 



So, = ialo[[hTd;^P'^ + {i/2)g2{h'i*V+^l + hl*V-^\) + h^* dli,l]ai^ {i^\hl + h^.^l 



+ h.c. 



(B-10) 



^"60 



[/i2*5^^2 + (V2)ff2(/i^*V7V'2+ + ht*V;ijl) + /i+*5>2+]^^(V'?/i^ + /^?V'2° 



- i^^ht -hl^t)^-{hfhl* -hrht%^l^la^^^l^l^lHim^^^^ 

+ ^a'^5;i:V2+]l+^-C- (B-11) 



Sor = ^«70 [ - hlhl + AJl^a'^A^A" + '-a^^ [ - h\hl + h-^ht] Xya^'d^Xy + h.c.{B-12) 
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where 



+ {i/2)g2 Xla>^{V-Xl-V^Xt) + X-a^^{y^X;,-V^Xl) 



- Xla^^{-V+Xt + V~Xu 
Next, £2 of Section [2] gives contributions to the neutrahno/chargino sectors: 

8 



£2 



(B-13) 



(B-14) 



i=l 



The Susy part of this contribution contains one gaugino and one higgsino (charged or not), 
while its non-Susy one contains two higgsinos (charged or not): 

To, = aio\^[ - (|/i?|' + |/irl') [9h\*X,xl,1 + 52 {hfxl^^ + K*XZ,i^1) - gh^*X^i,^] 
- [hl^i^'i + h^*i,^)[gXM?+g2 {hfXlh^ + h'^* X;,h\) - g\h^\^X^] 



mo (/i?*V'? + K*^if + h.c. 



(B-15) 



To, = a2oV2[ - (|/i0|2 + \h+\^)[- gh'i*X,i^U92 {h^* X-iP+ + hp X^i^^^) + ghp X^iP+] 

- (/i°>2° + ht*^t) [ - 9\M\^ + 92 ihfXZ,h+ + /i+*A>°) + g\ht\^X^] 

- mo (/i^>^ + )2 + /i.e. (B-16) 
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+ \hi\^)[- 9hfX,i^l + 52 (/i^*A^^2+ + 4*A+V2) + ghpy^^i^. 



(/i?>? + /ir>r) [ - sA.I/i^P + 52 {hl*X-ht + h+*Xlhl) + 5|/^^ I'A. 
{\hl? + 141') [5/i?*A,V'? + 92 KXl^^ + /ir*A-^?) - gh^*X^^^] 
(/i0>2° + /irV'2^)[5A.|/i?|' +52 (/i?*A>r + K*XZ,h\)-g\h^\^X^] 



(B-17) 



To, 



Q50 



(B-18) 



+ [5 A, + 52 (/i?*A+/ir + /ir*A^/i?) - 5A^ |/iri'] (^? + /i?V'2 - v-r 4 - k ^t) 
+ mo [(/i?>? + /^r* V'r)(V'? A + /i?V'2 - 4 - ^^2+) 

+ ^\K\^){^\^l-rx^t^ +h.c. 



(B-19) 
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«60 
V2 



+ [- gK\hl\^+g2{hl*Kht+ht*\lhl) + g\^ {^\hl + h\^l - ^P^ht - 



+ "61 "^0 



+ K* /i2 + /ii^2 - VT - K ^t) 



;,0 /,0 



0„/,0 



,0„;,0 



+ h.c. 



(B-20) 



Tbr = -^"71 "io (/i? - /ir^^)(A' A^ + AiA-)- Ja?i mo (/i? /i^ - /^r^) \y\y + h.c.{B-2l) 



To, = -2al, mo{hl hi - h' h^i^^.i/^l - + h.c. 



(B-22) 



Tico = -cio[2(/i;/ir/ir^^)(V'?V'2-^rV'2'')+(V'?/i2+^?^2-V'r/i^-/irV'2+)']+^-c. (B-23) 



g>^z 
5A7 



g2>^w - 9i\ 

gXl, + giXy 



(B-24) 



Finally, £3 contains some four-chargino, four-neutralino as well as two-chargino-two-neutralino 
interaction terms: 

£33- aio(<^? + V^VT)' - a2o(V|V'2 + ^^t? 

- + v^V'r)(viV'2 + ^^t) + a4o(vM - v^)(V'?V'2 - v^r^s"") 
+{l/(2^/2)a^o[(V'^^-V'^4+/iV2°-/i^V'2'')^^'A^LF^,^,+(V'?V'^^ 

+ l/(2V2)a?o[(V?/i^ - Vr/i^ + /i?V'2° - h^ij+)a^-XyF^, + {ijl^ljl - ^^^t){W)\ 

+ /i.c.j (B-25) 

where a is an SU(2) index. 

In applications not all operators are necessarily present. Depending on the cases con- 
sidered, one can have only a subset of operators Oi,ICo or just one of them, in which case 
the neutralino/chargino Lagrangian corrections of order simplify considerably. The La- 

grangian in the neutralino/chargino sectors is then obtained, for each operator Oj, by adding 
its contributions (identified by ajk), from eas. dB^ . (IB^ . ()B^ . (IB^ . (IB^ . plus the 
MSSM part. 
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C Chargino mass corrections from effective operators. 

We use the notations: 

m-w = (f = [ml + ij!^ + 2ml] ^ - 4 [m2H + sin 20\^; a-^ = ''^ ^ '-^ 

The results for the chargino masses are: 

i 

where i = 1, .., 8 and mi^ mssm ^ (-'■/^) ["^2 + A*^ + ^ y^] is the MSSM chargino mass 
with "— " for the Ughter chargino xl and "+" for the heavier xt- Also: 

5mi+ iPi) = ±-^aiov^cos^/3r-m2/x^ + At'^^ /x^-v/^ + 2m^(m| + 2/i2^y^)cos^^ 
Xi,2 2w(p 

+ 4m^ cos /3 — 8m2/um^ cos /? sin 13 + 2^ sin /3 — sin 2/3J 

,5mL (O2) = (5m^ (Oi)[aio ^^20,/?^ n/2 - /3] 

Al,2 Xl,2 



.,2 



<5m2 (O3) = T [2mi/i2 - 2/ - mlm^ - bfi^ml ± 2ii^^ ± ml^ 

+ (m| + //^ ^ cos 4/3 + ^m2iirr?w sin 2/3] 
^m|+(04) = ±«4i^ot^^sin2/3 [^^2_^2_2^2 ^ ^) +2m2m^ sin2/3] 

+ 2(5mo3 ["30 "40] 

COS ^ 

5rni+ (O5) = T^^TT^ {fnolJ^iml — ^ — 2mL =b Jip) cos /3 + A.mQm2'mL cos^ /3 sin /3l 

Xl,2 2Jip 
r 2 a 

T "50 ^ r _ 2m2Hml cos^ /3 + 2m^ (2mi + 4/? - T 2v/^) cos^ /3 sin p 

+ 4my, cos f3 sin /3 + 2m^ cos /3 cos 2/3 sin fi — 2ii sin /3 (^777-2 — ± y^j 
+ sin/3(7m2 cos /3 — 2;U sin/3)]] 
(^m^+ (Oe) = (O5)["50 -h- "60, "si aei, /5 ^ 7r/2 - /3] 

Al,2 Al,2 

(5m?+ (O:^) = ±^i^^rmoAtm^-mo/xm^cos4/3+mom2( - m|+/x^-2m^ ± y^) sin2^] 

r 2 

± [2m2 At (mi - + 4m^ ^ ^) ± 2 (ml + ) ^ sin 2^3 - 2m4 cos 4^ sin 2^3 

- 4m2 At"i^ cos 4/3-2 [m^ (777-2 - A*) ("1-2 + /Li) + 3 (777^ + ^u^) 777^ + 777^] sin 2/3] (C-3) 
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±--^mof^sin2/3[;u(m2 - /x^ - 2m^ ± ^) + 2m2m^sm2/3] 



± -— |_^(m2-/i - 2m^ ± + 2m2?n,^sin2/5;j 



+ 



+ 



0/1 0/1 O O O /o O /I 

4m2m^ + 8;U + m2(p — 3/x 99 — 2m^(p ± ip ' — 4m2m^ cos 4/3 
8m2/im2(m2_^2_2^2^) ^^^2/3] 



(C-4) 



where the upper (lower) signs correspond to the hghter (heavier) chargino xt ixt)' respec- 
tively. 
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